This study examines a new approach of using the Design Structure Matrix (DSM) modeling technique to improve the design of Electronic Medical Record (EMR) user interfaces. The usability of an EMR medication dosage calculator used for placing orders in an academic hospital setting was investigated. The proposed method captures and analyzes the interactions between user interface elements of the EMR system and groups elements based on information exchange, spatial adjacency, and similarity to improve screen density and time-on-task. Medication dose adjustment task time was recorded for the existing and new designs using a cognitive simulation model that predicts user performance. We estimate that the design improvement could reduce time-on-task by saving an average of 21 hours of hospital physicians' time over the course of a month. The study suggests that the application of DSM can improve the usability of an EMR user interface.
INTRODUCTION
Healthcare provider dissatisfaction, loss of productivity, and medication related errors are often directly associated with usability issues present in current Electronic Medical Record (EMR) systems [1] [2] [3] . The International Organization for Standardization (ISO) 9241-11 standard defines usability as "the effectiveness, efficiency, and satisfaction with which the users can accomplish their tasks in the intended context of product use" [4] .
Literature Review
The literature review on usability of healthcare information systems includes inspection and design improvement methods from cognitive psychology, ergonomics, and HumanComputer Interaction (HCI). Because the study focuses on the improvement of EMR UI design both in terms of complexity and the user's performance with the system, we cover only those aspects of usability evaluation and improvement methods. An overview of the DSM method used in this work is also provided.
Cognitive Walkthrough
Cognitive Walkthrough (CW) is a cost-effective HCI technique that has been used to evaluate the UIs of healthcare information systems [13, 14] . CW originates from the theory of learning by exploration [15] , which is "an information processing model of human cognition" [14] . CW focuses on how easy it is for the user to accomplish a task, which covers the task analysis aspect of usability. This is helpful in identifying usability problems of EMR UIs that are typically associated with navigation type issues and users' attempt to locate the correct UI elements on the screen. The technique was developed to enable designers to find usability problems before user testing is possible [16] . CW is typically used with a group of 3−5 evaluators for the inspection process. The following needs to be defined before each inspection: who will use the system, what tasks will be analyzed, the action sequence for the tasks, and how the UI is defined [15, 17] . Evaluators answer a set of questions with the description of the user in mind [16] . Occasionally, the evaluator may unintentionally substitute user's behavior with his/her own experience with the system, a limitation that is often addressed by including more than one evaluator in the inspection process [16] . The method requires no prior knowledge of cognitive psychology, and requires no user testing. The results from the inspection process can be used to improve the design of EMR UIs.
Keystroke-Level Model
One of the most common metrics for measuring user's performance with the system is time-on-task or task completion time [18] . The Keystroke-Level Model (KLM) is an HCI technique used to predict a user's performance with the system, and the time it takes for a user to accomplish a task [19, 23] . Table 1 shows the physical-motor operators, a mental operator, and a system's response time operator used for counting keystrokes in KLM [19] . For simplicity, we have included only the operators that are most frequently used for measuring time-on-task.
The P-operator is an approximation of Fitts's Law, which states that pointing time from the starting point to a target element takes anywhere from 0.8 to 1.5 sec with 1.1 sec being the average [40] . Fitts's Law suggests that target elements in proximity to each other require less physical-motor actions and, therefore, can be reached faster than elements that are further apart [24, 40−42] . Hence, the basic principle of the law states that pointing time is a function of the distance to the target element and the size of the element [19, 24] . This is important information for an EMR usability study because it suggests that improving the spatial proximity between UI elements could reduce the time-on-task when pointing to a target element on the screen. KLM defines heuristic rules for placing the M-operator [19, 25] . For example, rule one suggests that an Moperator be inserted in front of all K and P-operators (e.g., H + P + M + K: home hands to mouse + point with the mouse + estimated mental operation + pressing a key) [19] . The time-on-task (T) is then calculated based on the following equation [19] :
KLM is an effective, low-cost model for predicting time-on-task and an alternative to empirical usability testing methods that take time. This is essential for an EMR usability study where access to users is limited and costly. Occasionally, designers tend to make errors when placing the M operator necessary for the action sequence of the task, and doing all of the calculations by hand can be time consuming [25] . These limitations are addressed in other sophisticated tools and methods that predict user performance with more precision and that are still based on the underlying model of KLM [20] [21] [22] [23] 25] . CogTool software (Section 2.2.3) used in this research work is one example [20] [21] [22] [23] .
ISO 9241-11 and NISTIR 7741
There are several empirical usability evaluation methods that involve testing with endusers; however, we limit the scope to the ISO 9241-11 and NISTIR 7741 standards due to their significance in designing usable EMR products. Safety-enhanced design criteria were recently added to the Stage 2 certification requirements of the meaningful use program introduced by the U.S. government as part of the Health Information Technology for Economic and Clinical Health Act for adopting and implementing a certified EMR technology [26] [27] . This is important for any usability study, including this research work, where the focus is on improving the efficiency of the EMR relative to user performance. Developed by NIST, the NISTIR 7741 elaborates further on the UCD process while embracing the ISO 9241-11 definition of usability and by providing metrics for measuring effectiveness, efficiency, and user satisfaction [27] . The UCD process is founded on design guidelines from the fields of computer science, cognitive science, psychology, and HCI that are used for developing products with a focus on users [28] . There are several variations of UCD methodologies that predate NISTIR 7741, including the UCD version of ISO 9241-11 [4] . The one used in NISTIR 7741 describes a typical UCD process (e.g., documenting user requirements, usability testing) within the ISO 9241-11 definition of usability; however, it also references the information architecture aspect of the UI [27] . Information architecture is about organizing information on the UI so that it is easy for users to locate [18, 27] . As the complexity of the EMR UI increases, organizing information on the screen without the risk of densely populating the UI becomes a challenging task. Cluttering the EMR UI with elements increases visual search time, which impacts the user's performance with the system [1] . Although NISTIR 7741 includes the information architecture as part of the UCD methodology, it does not prescribe any usability technique or approach for organizing the elements on the UI.
The UCD approach involves high-cost usability and evaluation methods with endusers, making ISO 9241-11 and NISTIR 7741 costly to execute. Nonetheless, ISO 9241-11 and NISTIR 7741 are claimed as the standard for any future usability EMR work because of their inclusion in the safety-enhanced design criteria of the meaningful use program [26] . Therefore, we embrace their strict definition of usability in this work and introduce a new low-cost method that could enhance the existing portfolio of usability methods within the UCD approach and help in organizing UI elements with respect to screen density and, therefore, improve the user's performance with the system.
Design Structure Matrix
DSM is a matrix-based network-modeling technique used for developing and analyzing complex systems [29−33] . Donald Steward first introduced the method in 1981 as a systems analysis tool [30] . DSM enables visualization and modeling of the interactions among UI elements to understand the behavior they exhibit (e.g., related vs. unrelated elements). DSM is a square matrix stemming from the N 2 chart and graph theory square precedence matrices, showing system element inputs along the columns and outputs along the rows [29] . In DSM, the matrix entry (i, j) is noted with 0s and 1s or other numeric-based values, indicating the absence or presence of the interaction between UI elements. Figure 1 shows an example of a binary DSM. In this example, the UI layer of the system comprises six elements, where each letter represents a UI element. In the pre-clustered version of the DSM, element A receives information from elements D and E. Additionally, element A sends information to element E. Therefore, elements A and E are said to be highly interacting system elements because they depend on each other for information and therefore may be grouped together. Next, a clustering algorithm is applied to the original matrix once all elements and their interactions are documented [31, 32] . The purpose is to group relatively similar elements into clusters based on their interaction types to help the analysis process for how to best organize elements on the UI. In Figure 1 , the clustered binary-DSM version demonstrates that elements B/C and A/E interact highly with each other and cannot be decoupled because they rely on each other for information.
Elements outside the cluster provide additional information as to what their functions are in the UI. They often represent gaps in the interface design. For example, non-clustered elements may represent UI elements that are rarely used, if used at all; therefore, their removal may simplify the UI and improve visual search. Another representation of DSM is a network view, where edges (links or arrows) represent interactions, and nodes (squares) represent elements. Often, the network view of DSM is considered in conjunction with the matrix view for easy visualization and analysis of the system interfaces.
There are many benefits of DSM. The matrix-based format allows for easy visualization and analysis of interactions between the elements of complex interfaces. Analyzing the interactions between elements helps to understand how to best organize them in the EMR UI and improve information architecture. The DSM modeling process may also uncover information inside experts' heads, a knowledge that may exist beyond the use of available documentation [29] . As a systems engineering modeling technique, DSM has been found useful in many applications including financial systems, social systems, healthcare management, and defense [29, 43] . The lessons learned from different applications of DSM are applied in designing our research method for inspecting and improving EMR system usability.
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Research Question and Hypothesis
Time-on-task is an effective measure of user performance [18] . Improving the time it takes for the user to complete a task improves the efficiency of the UI. Therefore, we define the time-on-task as the dependent variable and screen density as the independent variable. The research question developed for this study seeks to answer the following: Has user performance of the existing EMR design been improved as part of the design improvement effort?
In addition to the research question this study seeks to answer, the following null hypothesis was developed based on the literature definition of usability and as measured by ISO 9241-11 [4, 27] :
H: Time-on-task is not different between the existing and new designs.
METHODS 2.1. Method Design
The foundation for the proposed method is derived from the literature review, the DSM approach to system modeling [29] , and discussions with the physicians' representative at the hospital facility and a subject matter expert in usability studies for health information systems. Figure 2 illustrates the method steps developed and tested as part of this study. Each step produces an artifact that enables the usability analysis via modeling of UI element interactions for a given user task.
Step 1 -Identify: This step defines the scope of the system to be inspected. The system and sub-system modules (e.g., CPOE module) at the UI layer are identified first. Next, user workflows are identified for the given module(s), and individual user workflow tasks are documented.
Step 2 -Inspect: A usability inspection method (e.g., CW) is chosen. A preliminary inspection against the UI is performed to ensure usability issues exist and merit design improvement. Items collected in Step 1 serve the purpose of developing inspection specific artifacts, such as a description of the users and module(s) being inspected, and user workflow tasks. This method requires screen prototypes or actual screens to be used for inspection. Only modules that demonstrate usability problems should be subject to further steps in the method.
Step 3 -Construct: Figure 3 illustrates the Construct step of the method. First, user workflow tasks are broken-down into individual steps. Each step is then mapped to the module UI elements (e.g., buttons, text-fields, pick-lists). Next, matrix entries are populated to indicate the absence or presence of the interactions between the UI elements identified for each task step. Importantly, Step 3 does not necessarily require the execution of Step 2 because the design improvement effort involves the process of analyzing UI design patterns that impact usability. The purpose of Step 2 is to use cost- effective, but well-established usability inspection methods before any major design improvement effort begins.
Step 4 -Analyze: The original DSM element entries and their interactions are rearranged using a clustering algorithm to organize related and unrelated UI elements into distinct groups based on their interaction types. Depending on algorithm results, iterating through the process of rearranging elements and their interactions may be required for an accurate representation of user tasks for the new design. This step also aims to identify UI elements that are rarely or never used.
Step 5 -Assess: A new design is produced based on results from Step 4. The purpose of Step 5 is to assess whether the new design could be expected to reduce screen density, improve time-on-task, and not change user functionality. The percentage change in screen density (PCSD) between the existing and new design is measured using the following formula:
This formula is based on simple calculations for measuring system density [34] at the UI layer. The measure has been normalized to a range of 0 to 100 to be interpreted as percentage [45] . A low-cost method (e.g., predictive user performance simulation tools) is chosen for measuring time-on-task between the existing and the new designs. Alternatively, a high-cost method (e.g., empirical usability testing with end-users) could also measure time-on-task. Next, user functionality is validated on the new design to ensure that no functional loss occurred as a result of grouping UI elements into clusters based on their interactions.
Step 6 -Modify: The existing UI design is modified based on the design improvements.
Method Application
The study was conducted at an academic pediatric hospital located in Southwestern Pennsylvania. The hospital is a 296-bed facility that includes an emergency room and trauma center, cardiac, pediatric, and neonatal intensive care beds. The EMR system Task n
Step 1.1
Step 1.2
Step 1.n
Step User interface element Design structure matrix inspected is implemented across the enterprise. System users include attending physicians, residents and fellows, nurses, nurse practitioners, and physician assistants.
To evaluate the application of systems engineering modeling approach to EMR usability and design (which is the purpose of this study), test our research method, and answer our research question and hypothesis, we used a combination of inspection (CW), modeling (DSM), and user performance predictive methods. This study involved interview sessions with the hospital's physician representative and a medical student familiar with the EMR system to: 1) define the scope of the system to be inspected (e.g., CPOE module), 2) identify user workflows and associated tasks for the chosen module, and 3) capture existing EMR screenshots for usability inspection. Additionally, we attended a three-hour EMR training session to become familiar with the system included in the study. The interviews and the collection of screenshots were carried out in a series of seven sessions spanning a period of two months in early summer 2012. All screenshots came from an EMR training system that used de-identified patient data. Because users were not involved in usability testing, Institutional Review Board approval was exempted.
Recognizing the importance of EMR usability in reducing the risk of medication errors, such as dosage errors [7] , the EMR medication dosage calculator was chosen for usability inspection. Medication dosage calculators are used predominantly in pediatric medicine to determine the appropriate drug dose for young children when placing an order. The calculator is part of the EMR CPOE module used for sending orders to the pharmacy department. The scenario developed for the study involves a five-year-old female patient who checks in at the hospital with moderate pain and fever, and an acetaminophen order is placed. Six user tasks were developed, each representing one of the six ways a physician can adjust a medication dose using the calculator based on the patient's health condition:
• The six user tasks were used for the CW usability inspection artifacts. A total of 75 screenshots were captured for each task. Screenshots represent the 11 screens involved when placing a medication order including the single medication dosage calculator screen. The six user tasks and associated steps were mapped to individual UI elements (e.g., buttons, text-fields, pick-lists), and interactions between them were documented in the DSM. Cognitive simulation models that predict user performance were created using a free UI prototyping tool (Section 2.2.3), CogTool [20] [21] [22] [23] , where medication dose adjustment task completion time was captured in order to assess if the new design could be expected to improve performance. Last, any system errors caused by software defects that impact EMR usability were excluded from statistical analysis.
Cognitive Walkthrough Usability Inspection
A team of experienced cross-disciplinary HCI members (including the final author) who have performed similar CW evaluations together since 2003, conducted the cognitive walkthrough. The team consisted of five usability judges: two systems programmers, a project manager, a research analyst, and a professor of biomedical informatics. Evaluators had no prior experience with the EMR medication dosage calculator module being studied. The evaluation process took approximately three hours. Prior to executing the CW, an estimated 16 hours were spent on developing the CW inspection artifacts and preparing for the session. Each evaluator was provided with the following artifacts: user description of the EMR system, task steps description, and the sequence of user tasks. Because evaluators are required to answer a set of questions with the description of the user in mind [16] , the session was kicked-off with an overview of the user. The following describes some of the 12 user attributes:
• The user is a physician, nurse practitioner, physician assistant, or pharmacist with sufficient knowledge of placing a medication order to understand UI terminology such as target dose, calculated dose, reduced dose, and standard dose.
•
The user understands the basic actions available to them for adjusting weight, dosing based on percentange, dosing based on rounding rules, and dosing based on standard dose.
The user understands that milligrams per kilogram (mg/kg) is the standard unit of measurement.
The user understands that the calculated dose value is computed based on target dose and actual weight or adjusted weight.
The user understands what serum creatinine means and how to adjust the medication dose for renal failure using the Schwartz full-term algorithm.
Evaluators were then presented with the task-action matrix as shown in Table 2 , and the sequence of tasks that incorporated screenshots from "before" and "after" each step. The group worked collectively to answer four questions for each step with a "Yes" or "No" as defined by Wharton et al. [15, 17] Will the user be trying to achieve the right effect? 2.
Will the user be able to notice that the correct action is available? 3.
Will the user associate the correct action with the effect they are trying to achieve?
4.
If the correct action is performed, will the user see that progress is being made toward execution of their tasks?
If any of the four questions was answered with a "No," the entire step was considered to have failed [35] . Otherwise, the step was considered to have succeeded. During the usability inspection process, a scribe collected failed and succeeded steps for each user task.
DSM Modeling
Each of the six user tasks and associated steps were mapped to individual medication dosage calculator UI elements in the numeric-based DSM as part of the interview process with the hospital's physician representative. The basis used for the mapping was determined by the function of the UI element in support of the action sequence of the task. UI elements are any of the following: a button (B), a text-list (TL), a pick-list (PL), a text-field (TF), and a non-interactive text-field (NT), i.e., text fields that display computed information based on inputs from other text-fields. The interaction type parameters of the UI elements were defined as information, similarity, and spatial adjacency. For example, the patient Actual Weight text-field is populated automatically from the Actual Weight Source pick-list, which comes from other parts of the EMR system (e.g., patient encounter information). The Actual Weight Source pick-list contains up to five records of the patient weight. In the DSM, the information parameter represents the information signal that populates the Actual Weight text-field from the Actual Weight Source pick-list. The spatial adjacency parameter represents the proximity between a pair of UI elements. The frequency of use during task execution is what determines the adjacency between a pair of UI elements. For example, Actual Weight text-field and the Actual Weight Source pick-list are in spatial adjacency of each other because the latter frequently populates the former with information during task execution. The spatial adjacency between UI elements is also determined by the similarity parameter. The similarity parameter represents relatedness in type between a pair of UI elements. For example, two text-fields are said to be similar because they are of the same element type. The ISO 9241-11 design guidelines suggest that similar elements should be grouped together where possible in order to improve visual search [4] . Table 3 shows the numeric-based values assigned to each interaction type parameter in the pre-clustered DSM. Values for all applicable interaction types are summed up for every EMR UI element (e.g., similarity + spatial adjacency, spatial adjacency + information). The clustering algorithm determines the final interaction strength score and uses that information to group elements by calculating the distance and similarity between every one of them in DSM. Odd numbers were assigned to numerical values of interaction type parameters to prevent false positive outcomes during cluster analysis.
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Design of Electronic Medical Record User Interfaces: A Matrix-Based Method for Improving Usability An estimated 20 person-hours were spent in constructing the first DSM model for the first user task. The level of effort required to construct a DSM model can be estimated using the following equation [34] :
where N represents the number of UI elements. Other DSM models were constructed by reusing most of the DSM entries from the first model and making necessary adjustments to represent the remaining five user tasks. All DSM models were constructed and analyzed using the Cambridge Advanced Modeller (CAM) tool [36] . CAM is a free-for-research tool that uses a cluster algorithm for modeling and analyzing interactions in complex systems.
Predictive User Performance Model
Medication dose adjustment task completion times for the existing and new designs were predicted using the CogTool software [20−23] . The purpose was to measure whether changes to the existing design could be expected to improve the user's performance with the EMR system. Additionally, CogTool was used to create existing and new designs of the medication dosage calculator. Screenshots captured at the hospital facility were analyzed for developing the existing designs. Wireframes were developed for the new designs. CogTool predicts the performance of a skilled user based on cognitive simulations. It is based on the underlying model of KLM (Section 1.1.2) and the ACT-R cognitive architecture [20] [21] [22] [23] 37] . The ACT-R is used to simulate the human behavior and performance via additional physical and mental operators not available in the original KLM [23] . Each frame in CogTool represents a single UI screen of the design prototype. UI elements, such as buttons, text-fields, text-lists, pick-lists and noninteractive text fields are represented as widgets. Transitions from one frame to another represent a user action recorded in the design script. Design scripts include statements that are automatically created by the CogTool ACT-R architecture, and those explicitly added by the authors, such as think, wait, and look-at. Statements in the design script are mapped to the KLM operators. For example, the wait statements represent the system response R operator in KLM. The wait statements are transitions that occur when moving from one frame to another, similar to a system response time. We assumed 1.0 second for the wait statements. The look-at statements are added if the user needs to shift the visual attention to a new UI element on the screen in order to take the next action [23] . The look-at statements also locate the spatial position of UI elements, thus allowing CogTool to obey Fitts's Law with precision by calculating the distance and time it takes to point with a mouse to a target element on the screen [23] . Therefore, CogTool does not have to use the 1.1 seconds estimated to predict the time it takes to point to a target element on the screen as used in KLM. We added the look-at statements for each widget of the existing and new designs in addition to other statements generated by CogTool predictions when measuring time-on-task. CogTool provides more accurate predictions of user's performance with the system by using additional cognitive operators such as eye movements and memory retrievals that are not available in KLM. CogTool is reliable within +/-10% of the observed user performance times [21] .
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RESULTS
The CW inspection results are summarized in Table 4 . Answers from the four questions outlined in Section 2.2.1 were aggregated into overall percentages of failed and succeeded steps for each of the six user tasks analyzed. The usability judges found, on average, about 23% of the steps to have UI design flaws that a clinical user may experience while completing any of the six tasks. Failures were associated with navigation type problems and the evaluators' attempt to locate the correct UI elements on the EMR screen. For example, to adjust medication dose for a patient with renal failure (Task 4), evaluators had to first locate the Creatinine Clearance text-field and apply the Schwartz full-term algorithm from a pick-list. The algorithm pick-list was 440
Design of Electronic Medical Record User Interfaces: A Matrix-Based Method for Improving Usability grouped together with other UI elements giving the impression that it was not intended to calculate the creatinine clearance level. Task 6 showed the highest number of design errors, where 38% of the steps failed. Failures associated with Task 6 included a lack of feedback mechanism when using commit buttons. For example, the task did not progress when the Apply Standard Dose button was used. Additionally, the Apply Standard Dose button was mistaken for the Apply Dose button because they are in spatial adjacency of each other in the existing design. The Apply Standard Dose button is used only for adjusting medication dose based on a set of standard dose templates (Task 6); hence the path to accomplish a task was often interrupted. This cost-effective usability inspection effort on the EMR medication dosage calculator revealed UI design flaws of sufficient degree to merit design improvement. As a result, we constructed the DSM model out of the existing design for further usability analysis and interface design improvement.
DSM Models
The DSM model represents all 32 UI elements available in the medication dosage calculator screen. As called for in Step 3 of the research method, we mapped individual task steps to UI elements, and used that information to populate the matrix entries with the interaction strength score assigned to each element. Because each of the six tasks differ from each other in that they require specific steps from start to finish, we constructed six DSM models, one for each task. We designed task-specific DSM models (task-specific UI screens) given the patient condition as opposed to DSM models that account for task overlap, so that the user is presented with the right level of functionality for accomplishing the task. For example, if the physician needs to adjust medication dose for a patient with a renal failure condition (Task 4), the EMR system would automatically launch the medication dosage calculator with all required UI elements for successful completion of Task 4. For simplicity, only the matrix view of the first DSM model is exhibited in Figure 4 . Additionally, we categorized UI elements within and outside the formed clusters and sub-clusters into two distinct classes: used UI elements (in grey) and unused UI elements (in white). The used UI elements represent elements that support the functionality required for the user to complete a task. The unused UI elements represent elements not required for the user to complete a task. Grouping of the elements is determined by the output of the DSM cluster algorithm based on the element interaction strength score. Elements with interaction strength scores of five and higher ( 5) belong to the group of used UI elements, whereas those with scores of less than five (< 5) belong to the group of unused UI elements. An element had to at least have a property of the information type parameter in order to qualify; i.e., an element is required to send or receive information within the pair during task completion. Used UI elements with scores higher than five have other properties that determine their placement in the UI. For example, an element with an interaction strength score of nine, information (5) + spatial adjacency (3) + similarity (1) = 9, is considered to exchange information within the pair, be in spatial adjacency with the interacting element, and be of the same element type. This information was also used to organize elements in the new EMR design.
DSM Model I
The analysis of the first DSM model generated a total of eight clusters, three subclusters, and five sub-sub-clusters as shown in Figure 4 . Elements within the main cluster (matrix rows 11−23) represent UI elements required for a physician to place a 10 mg/kg acetaminophen order and verify medication dose based on patient's actual weight (Task 1) Elements included within the six sub-sub-cluster of the main cluster also represent used UI elements required for successful completion of Task EMR UI elements that fell outside the main cluster are identified for further analysis (matrix rows 1-10 and 24−32). These elements have interaction strength scores of less then five (< 5) because they do not exchange information with any of the used UI elements, and therefore are not required for the physician to complete a task. For example, the Standard Dose cluster elements (rows 29/30) are required when a physician adjusts medication dose based on a predefined set of standard dose ranges. An example would be Task 6, which is not part of DSM Model I. Patient Height cluster elements (rows 3/4) are not required or validated at the time of medication dose adjustment for Task 1. Unless the physician is adjusting medication dose based on the body surface area, the data source for the patient height comes from outside of the medication dosage calculator, and is validated at the time of patient admission to the hospital. Adjusted Weight (rows 5/6) is required if the physician chooses to adjust the medication dose by overwriting the patient's actual weight (e.g., Task 2). Creatinine Clearance (rows 7/8) is required when adjusting medication dose for patients with renal failure condition (e.g., Task 4). It is noteworthy that the Serum Creatinine sub-subcluster elements (rows 20/21) typically used in conjunction with those of the Creatinine Clearance cluster (rows 7/8) were identified as used UI elements. Unlike the Creatinine Clearance cluster, the Serum Creatinine sub-sub-cluster serves as a reminder to physicians that a patient may have a kidney disease, and therefore the medication should be adjusted following the renal failure guidelines (e.g., Task 4). Body Surface Area cluster elements (rows 9/10) are required only if the physician is adjusting for specific drugs other than acetaminophen. Other elements placed outside the main cluster, for example patient Date of Birth and Gender (rows 1/2), were also categorized as unused UI elements. The data for the Date of Birth and Gender elements come from other parts of the EMR system. Both elements exist on the main patient encounter screen, which is visible to the physician at the time of the medication dosage calculator launch. Therefore, in this example, the presence of the Date of Birth and Gender elements further increases screen density and duplicates the information already available and visible on the main EMR system UI.
Journal of
Removing the unused UI elements from the EMR medication dosage calculator and organizing the used elements into groups based on their spatial adjacency and similarity reduce screen density and simplifies the UI. Nielsen suggested that an interface should not contain elements that are irrelevant or rarely used because any units of information impacts visibility [9] . Findings from the analysis of the first DSM model suggest that the new medication dosage calculator design should include only 13 of the 32 total UI elements. The 13 UI elements provide the required functionality for the user to successfully execute Task 1. The new design reduces the UI screen density by 59%, which may lower the user cognitive load and improve visual search.
DSM Model II through V
The same approach for DSM Model I was taken to organize and group used and unused UI elements for DSM Models II through V. Model II produced a total of eight clusters, three sub-clusters, and five sub-sub-clusters. A total of 16 elements were identified as used UI elements, reducing screen density in the new design by 50%, or 16 fewer elements. DSM model III produced a total of eight clusters, three sub-clusters and five sub-sub-clusters. UI screen density was reduced by 56%, or 18 fewer elements. Model IV produced a total of seven clusters, two sub-clusters and seven sub-sub-clusters. UI screen density of the new design was reduced by 50%, or 16 fewer elements. DSM Model V produced a total of eight clusters, two sub-clusters, and five sub-sub-clusters, and UI screen density was reduced by 53%, or 17 fewer elements.
DSM Model VI
This model exposed system errors caused by software defects that impact EMR usability. Seven UI elements, although present in the existing design, did not interact with the other elements of the medication dosage calculator. For example, a physician is not able to place the 10 mg/kg acetaminophen order and round the medication dose using the standard dose form from a template list, because the latter does not generate any information when invoked by the end-user. Figure 6 shows the network view of the 444
Design of Electronic Medical Record User Interfaces: A Matrix-Based Method for Improving Usability DSM model produced. Color-coded in black, these elements are considered system defects because they hinder successful completion of Task 6. As noted earlier, the CW usability inspection findings showed the highest number of design flaws for Task 6 where 38% of the steps failed. Failures were associated with the lack of feedback mechanism, as the task did not progress when any of the seven elements were used. Because CW cannot uncover software defects, the root cause of the high percentage of failed steps for Task 6 emerged during the construction and analysis of DSM Model VI. This work focuses on usability improvements but not utility. Utility represents the absence or presence of a function without considering if it is usable or not [27] . Therefore, findings produced by DSM Model VI were excluded from further evaluation and statistical analysis.
Validation of New Designs
A total of 110 frames were created in CogTool to statistically validate design results produced by this research. The first 55 frames were developed using screenshots captured from the existing design representing user tasks 1-5. The second 55 frames were developed using the DSM results that represent the new design for user tasks 1-5. The new design involved the removal of the unused UI elements from the existing screens. The basis for the new layout was the output of the DSM cluster analysis that Model VI (network view) shows used UI elements (in grey), unused UI elements (in white), and system defects (in black).
grouped used UI elements based on the interaction types of information exchange, spatial adjacency, and similarity. We kept the widget sizes similar to those of the existing design; therefore, all similar UI elements were considered to be of the same heights and widths. For example, in Figure 5 , the widget sizes are similar to those of the existing medication dosage calculator design. Following the ISO 9241-11 design guidelines [4] , we right-aligned commit elements (e.g., Apply Dose and Cancel buttons) and left-aligned other elements, all within their own distinct groups. We followed HCI design guidelines for the actual spacing between adjacent UI elements (e.g., four dialog units for elements similar in type and seven for those dissimilar in type) [44, 45] . Table 5 summarizes medication dose adjustment task completion time (time-on-task) captured for the existing and new UI designs using the CogTool predictive user performance model described in Section 2.2.3. An Anderson-Darling normality test at alpha = 0.05 was performed first to determine that data generated from measuring timeon-task are from a normally distributed set. P-values of the existing (0.391) and new (0.575) designs are greater than the chosen alpha; therefore, by definition, normality holds. Additionally, the variances for the existing and new designs were tested to be homoscedastic. An unpaired two-tailed t-test was performed to test the null hypothesis defined in Section 1.2 at a 5% significance level. Table 6 summarizes the results of the hypothesis testing while comparing mean completion time of all user tasks for the existing and new designs.
Given that the P-value is less than chosen alpha, we reject the null hypothesis and conclude that time-on-task is statistically different between the existing and the new designs. Table 5 shows that the new design reduces time-on-task and could be expected to improve user's performance with the system. For example, in 2012, the number of acetaminophen orders placed at the hospital pharmacy exceeded 112,000. Assuming that the difference between the existing and new design mean task completion time (8.24 sec) represents any of the five developed tasks a physician would perform when placing an acetaminophen order, the suggested EMR design improvements could have saved on average 21 hours of hospital physicians' time over one month. Provided that 446
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DISCUSSION
Usability has often been cited as a major factor hindering successful adoption of EMR systems [1−3, 38, 39] . User interface design challenges are a reflection of the complexity that EMRs expose due to the variability in medical specialties and provider workflow [2] . Design solutions have often resulted in complex interfaces with densely populated screens that impact user's performance with the system and introduce errors [1−3, 9, 38] . This work is significant in that it introduces the application of systems engineering modeling approach to EMR usability and design in understanding how UI elements influence one another in designing complex interfaces. The interactions between UI elements necessary for understanding the information architecture of the system are not specifically covered by the existing usability evaluation and design methods. Therefore, we developed and tested a six-step matrix-based method based on the systems engineering modeling aspect of UI inspection and design. In the present case study, we examined the usability of an EMR medication dosage calculator at an academic pediatric hospital, and demonstrated that standard inspection methods from HCI could detect design flaws before any major design improvement effort begins. Using the DSM modeling technique, we organized UI elements in the new design based on the interaction types of information exchange, spatial adjacency, and similarity. We removed rarely or never used UI elements that were not interacting with other elements during task completion. As a result, the new design reduced the UI screen density by an average of 54%. Reducing screen density lowers the user cognitive load, and is expected to improve visual search, to limit acceptance of erroneous data while fatigued, and to improve user's performance with the system. The cognitive simulations that predict users performance demonstrated that the mean time-on-task was reduced by 21% from the existing design to the new design (research question), which could save, on average, 21 hours of hospital physician's time in one month. Organizing UI elements based on task analysis and interaction types is also expected to improve the information architecture of the system. It is noteworthy that use of the DSM modeling technique also revealed system errors caused by software defects that usability inspection methods do not cover. Although software defects are not usability issues, and therefore were excluded from further analysis, they still may impact EMR usability.
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Limitations and Future Direction
This study addresses the efficiency aspect of usability as defined by the ISO 9241-11 standard [4] . Due to the limited availability of physician resources at the study hospital, the effectiveness and user satisfaction aspects of usability were not captured. The sample size of the study represents only a finite set of user tasks for adjusting medication dose in the EMR system. Additionally, any unintended consequences that may have occurred as a result of design changes were not studied. In this work, we considered similar UI elements to be of the same heights and widths in the DSM. Additional interaction type parameter values can be used to define different sizes of similar UI elements. The predicted user performance model is reliable within +/-10% of the observed user performance times [21] . Therefore, a future study may consider capturing time-on-task with actual users in order to capture the error rate and the path that users take to achieve a given task, which satisfies the effectiveness aspect of usability as defined by ISO 9241-11 [4] . The proposed research method is one of the first to study interactions between UI elements to improve EMR usability, therefore correlation studies between this method and existing ones would be useful to assess the value added by using this approach.
CONCLUSION
Acknowledging the role of usability in reducing medication adverse drug events, and improving user performance, this study evaluated the systems engineering modeling aspect of UI inspection and design. We introduced a novel method that incorporates usability and DSM modeling techniques to improve EMR system usability by organizing elements on the UI based on their interactions, spatial adjacency, and similarity. Our research method was tested through usability inspection of an EMR medication dosage calculator. It was shown that DSM could be applied to an EMR module with known usability issues, resulting in improvements of predicted user performance based on cognitive simulations. Statistical analysis suggested significant differences between the existing and new designs as a result of the EMR design improvement effort. The proposed method is also expected to improve the information architecture of the system, and to be extended to inspect the usability of medical devices and to improve their design. This study also provided guidance for future direction, such as capturing the effectiveness and user satisfaction aspects of usability as defined by the ISO 9241-11 standard [4] .
